The paradox of plastid transit peptides: conservation of function despite divergence in primary structure  by Bruce, Barry D
Review
The paradox of plastid transit peptides: conservation of function
despite divergence in primary structure
Barry D. Bruce *
Department of Biochemistry, Cellular and Molecular Biology, Center of Excellence in Structural Biology,
Graduate Program in Genome Science and Technology, University of Tennessee, Knoxville, TN 37917, USA
Received 25 July 2001; accepted 1 August 2001
Abstract
Transit peptides are N-terminal extensions that facilitate the targeting and translocation of cytosolically synthesized
precursors into plastids via a post-translational mechanism. With the complete Arabidopsis genome in hand, it is now evident
that transit peptides direct more than 3500 different proteins into the plastid during the life of a typical plant. Deciphering a
common mechanism for how this multitude of targeting sequences function has been hampered by the realization that at a
primary sequence level, transit peptides are highly divergent in length, composition, and organization. This review addresses
recent findings on several of the diverse functions that transit peptides must perform, including direct interaction with
envelope lipids, association with a cis-acting guidance complex, recognition by envelope receptors, insertion into the Toc/Tic
translocon, interaction with molecular motors, and finally, recognition/cleavage by the stromal processing peptidase. In
addition to higher plants, transit peptides also direct the import of proteins into complex plastids derived from secondary
endosymbiosis. An emerging concept suggests that transit peptides contain multiple domains that provide either distinct or
possibly overlapping functions. Although still poorly characterized, evolutionary processes could yield transit peptides with
alternative domain organizations. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
The family of plant organelles collectively known
as plastids, which in green tissue include chloro-
plasts, are widely accepted to have evolved from
free-living cyanobacteria through the process of en-
dosymbiosis. The modern plastid still retains a semi-
autonomous genome; however, its coding capacity
has been reduced to V150 genes. Despite their small
genome size, plastids are responsible for an enor-
mous metabolic diversity that is unique to plants as
autotrophic organisms. This vast metabolic diversity
is a natural corollary stemming from the remarkable
plasticity in form and function that are natural hall-
marks of plastid biology.
The now classic endosymbiotic theory, initially ar-
ticulated by Weeden [1], asserts that the products of
genes transferred from the endosymbiont to the host
genome should and will be transferred back to the
organelle from which it originated. Considering that
a modern cyanobacterium contains V3200 genes [2],
several thousand gene products must somehow target
e⁄ciently back into the plastid compartment in order
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to provide the same level of metabolic complexity in
a modern plant cell that once existed in the ancestral
cyanobacteria. The vast majority of these proteins
are targeted to the chloroplast as a precursor protein
whose transport is facilitated by an N-terminal ex-
tension, known as a transit peptide, that was ac-
quired by some unknown evolutionary process dur-
ing endosymbiosis. Although post-translational
transport of a nuclear-encoded precursor into plas-
tids was ¢rst demonstrated over two decades ago
[3,4], the mechanistic details of this remarkable evo-
lutionary journey ‘home’ are only now being eluci-
dated. Many excellent reviews have been published
on the evolution of plastids [5], the evolution of or-
ganelle genomes [6], the mechanism of gene transfer
from organelles to the nucleus [7], the role of lipids in
chloroplast biogenesis [8], and the mechanism of pro-
tein import into chloroplasts [9,10].
This review focuses on understanding the requisite
functional roles that transit peptides must perform in
light of their extreme diversity in sequence and evo-
lution. Although still poorly developed, the limited
structural information for transit peptides is dis-
cussed in terms of how these relatively short peptides
can contain multiple recognition elements for such a
multitude of diverse steps during targeting, translo-
cation, processing, and turnover. Fig. 1 provides a
schematic illustration on the chloroplast transloca-
tion apparatus and a working model of di¡erent
transit peptide-mediated interactions that must occur
during successful protein import. This model is based
on multiple observations and contributions from sev-
eral laboratories and has been simpli¢ed for the pur-
poses of this review. The reviews mentioned above
may provide additional details of or insight into the
development of the current model.
2. Number and diversity of plastid-targeting sequences
With continually increasing numbers of plant
ESTs and the recent sequencing of the Arabidopsis
genome, the number of genes or sequences encoding
potential chloroplast precursors is also growing rap-
idly. A current database generated in our laboratory
(CTP-99) by searching the SWISS-PROT database
(Version 39) for proteins annotated as ‘chloroplast’
‘precursors’ containing a ‘transit peptide’ has identi-
¢ed over 859 di¡erent proteins. Although a more
detailed analysis indicates that only 636 of the 859
proteins are bona ¢de higher plant plastid precur-
sors, this collection is a signi¢cant advancement
from the 263 precursors in the CHLPEP database
[11]. In both analyses, the total number of precursors
included multiple copies of a given precursor, either
derived from di¡erent organisms or in some cases,
multiple copies encoded by a gene family within a
single organism. Certainly the most abundant precur-
sor is the small subunit of Rubisco (prSSU), which
has over 170 di¡erent sequences represented in the
databases.
2.1. Analysis of the Arabidopsis genome
To more precisely determine the number of di¡er-
ent precursors targeted to plastids during the life
span of a typical plant, we evaluated the CTP-99
database for the number of precursors with distinct
enzymatic functions. Using these non-redundant cri-
teria, we identi¢ed only 181 precursors, in contrast to
the 636 that were identi¢ed solely by SWISS-PROT
annotation. Due to inherent incompleteness and re-
search-driven accumulation of proteins in the data-
bases, this subset of 181 proteins most certainly
underestimates the number of di¡erent chloroplast-
targeted precursors in any given organism, however.
A similar analysis of the 715 Arabidopsis proteins in
SWISS-PROT (Version 36) using the neural net-
work, ChloroP, identi¢ed 171 or 22% as potential
chloroplast transit peptides [12]. Yet, only 13% of
the 715 Arabidopsis proteins were actually annotated
in the database as being chloroplast precursors. As-
suming that the sequences deposited in SWISS-
PROT represent a random subset of all genes in
the Arabidopsis genome, these results suggest that
the actual number of chloroplast-targeted precursors
is probably somewhere in between 13% and 22% of
the total Arabidopsis gene pool.
Indeed, with recent completion of the Arabidopsis
sequencing e¡ort [13], it is now possible to test this
assumption. Depending on the con¢dence of the pre-
dictive algorithm, the total number of genes that en-
code proteins potentially targeted to the plastid is
between 2085 and 3574. As shown in Table 1, the
total number of proteins that contain targeting se-
quences for either the secretory pathway, the mito-
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Fig. 1. General import pathway for plastid precursor import. Three hypothetical domains of the transit peptide are shown in red,
green and yellow. The multiple steps of transit peptide-mediated protein import are shown by the numbers and are described below.
(1) Interaction of the transit peptide containing a phosphorylated serine with soluble guidance complex containing a 14-3-3 protein
and a cis-acting hsp70. (2a) Partitioning of the precursor out of the cytoplasm onto the chloroplast surface via a direct NTP-inde-
pendent interaction of the transit peptide with chloroplast-speci¢c lipids, such as MGDG, SL and PG. (2b, 2c, 2d) Direct interaction
of the precursor Toc components, possibly facilitated by recognition of components in the guidance complex. Interaction may be ini-
tially with the full-length Toc159 (2b), Toc64 (2c), or the heteroligomeric Toc translocon (2d). (3) Peptide/lipid interactions resulting
in reciprocal changes in both the transit peptide structure (shown as a green helix) and the lipid phase preference of the envelope
(shown as an inverted micelle). (4) Recognition and interaction of membrane-associated transit peptide with Toc86/159 receptor. (5, 6)
Lateral movement and/or transfer of the transit peptide from the initial association with Toc86/159 and/or Toc64 to assemble with
Toc34 and Toc75, resulting in the creation of a Toc translocon, possibly localized at a contact site containing both the inner and out-
er envelope. This also illustrates (6) the sequential or concurrent GTP-driven insertion of transit peptide into Toc75. (7) Precursor
translocation across the outer envelope membrane by a push^pull mechanism using the ATP-dependent molecular motor(s) Com70
and/or IAP70. (8) Precursor translocation across the inner envelope membrane by a push^pull mechanism using the ATP-dependent
molecular motor(s) IAP70 and/or CSS1. (9) Transit peptide recognition and cleavage by the stromal processing peptidase. (10) Rapid
degradation of the ‘free’ transit peptide in the stroma by some unknown peptidase(s).
BBAMCR 14802 11-12-01 Cyaan Magenta Geel Zwart
B.D. Bruce / Biochimica et Biophysica Acta 1541 (2001) 2^214
chondria, or the plastid, is possibly as high as 10 938
proteins or 43% of the coding potential of the total
genome. Between these di¡erent compartments, tar-
geting to the endoplasmic reticulum (ER) demands
the most protein tra⁄cking. Post-translational pro-
tein transport to the chloroplast is much more active
than import to the mitochondria, especially when
using a 95% con¢dence threshold (2085 vs. 349).
However, the overall accuracy of these numbers
could be misleading since the predictive analyses to
di¡erentiate plastid- and mitochondrial-targeting se-
quences are still quite poor. In addition, 14% may
underestimate the percentage of proteins in the Ara-
bidopsis genome that predictably targeted to the
chloroplast, since ChloroP does not detect plastid
proteins lacking the stromal-targeting domain that
are targeted to the outer envelope, inner envelope,
and inter-membrane space.
An interesting observation from the Arabidopsis
genome sequence data is that the population of pu-
tative chloroplast precursors contains many ‘orphan’
proteins lacking known homologues in the existing
databases from other organisms [14,15]. This statistic
suggests that: (1) plastids still contain many proteins
whose functional role is currently unknown, and (2)
a signi¢cant percentage of the potentially plant-spe-
ci¢c genes are targeted to plastids. Furthermore, cur-
rent analysis of the existing Arabidopsis genomic data
with the best computational tools currently available
con¢rms the original predictions from the endosym-
biotic theory of the number of chloroplast precursors
required to permit plastid metabolic complexity to
approach that of a free-living cyanobacteria. Cer-
tainly with the increasing availability of plant ge-
nomic data and improved bioinformatic studies, ad-
vances in the yet uncharacterized areas of plastid
biology should be forthcoming in the near future.
2.2. Targeting to plastids derived from secondary
endosymbiosis
Shortly following the primary act of endosymbio-
sis, in which an internalized cyanobacterium evolved
into the chloroplast of algae in the Plantae kingdom,
even more complex eukaryotic cells emerged through
a second round of internalization, known as second-
ary endosymbiosis [16,17]. This chimeric integration
of two distant eukaryotic cells occurred at least twice
in evolutionary history [18]. One event gave rise to
the cryptomonads and chromophytes, with the endo-
symbiont being a red alga, and the other chimeric
integration event involved endosymbiosis of a green
alga to form the chlorarachneans. Consequently, the
photosynthetic algae provided the host eukaryote not
only with a chloroplast, but also a modi¢ed plasma
membrane (the periplastid membrane) and a second
nucleus, known as the nucleomorph, whose genetic
capacity diminished greatly over time.
2.2.1. Nucleomorph-encoded precursors
In a cryptomonad cell, four di¡erent genomes (nu-
cleus, mitochondria, chloroplast, nucleomorph) pro-
vide distinct protein synthesis roles in discreet cellu-
lar compartments. Although protein translocation
between these organelles has been well established,
the details of targeting pathways utilized were only
recently clari¢ed due to the sequencing of the nucle-
omorph genome from the cryptomonad, Guillardia
Table 1
Analysis of the Arabidopsis genome for ORFs containing potential targeting sequences
Feature Chr. 1 Chr. 2 Chr. 3 Chr. 4 Chr. 5 4
Proteins w/v1 TM domain 2334 35.7% 1322 32.8% 1615 30.9% 1402 36.7% 1940 33.0% 8613 33.8%
.
Proteins with targeting sequences
# % # % # % # % # % # %
ER signal peptide 1242 19.0 675 16.7 877 17.0 659 17.2 1014 17.3 4467 17.6
s 0.95% speci¢city 1146 17.5 632 15.7 813 15.7 632 16.5 964 16.4 1167 16.4
Mitochondria presequence 901 13.8 425 10.5 554 10.7 390 10.2 627 10.7 2897 11.4
s 0.95% speci¢city 113 1.7 49 1.2 63 1.2 59 1.5 65 1.1 349 1.4
Plastid transit peptides 866 13.2 535 13.2 754 14.6 532 13.9 887 15.1 3574 14.0
s 0.95% speci¢city 602 9.2 290 7.2 420 8.1 298 7.8 475 8.1 2085 8.2
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theta [19]. Only 551 kb in size, the nucleomorph ge-
nome represents the most densely coding genome
known to date. Through hundreds of millions of
years of evolutionary culling and compression, only
464 putative protein-coding genes remain.
Surprisingly, the nucleomorph genome includes a
subset of at least 30 genes that appear to encode
proteins that function in the chloroplast [19]. These
genes appear to have originated primarily from
cyanobacteria, yet two are more recent eukaryotic
inventions and one appears to be of K-proteobacte-
rial origin. As a group, the nucleomorph-encoded
chloroplast genes appear to have been preserved
due to their essential role in multiple chloroplast pro-
cesses including photosynthesis, plastid division, gene
expression, protein import, and protein folding/deg-
radation. Compared to their cyanobacterial homo-
logues, all of the nucleomorph-encoded chloroplast
proteins contain short N-terminal amino acid exten-
sions. Using the three computational tools available
(ChloroP, TargetP, and Predator), however, only a
few of these sequences are predicted to function as
plastid transit peptides. Nonetheless, the N-terminal
extension of the electron transfer protein, rubredox-
in, for example, has been shown to function as a
transit peptide in in vitro import studies using both
pea and cryptomonad chloroplasts [20]. Further-
more, the rubredoxin N-terminal extension is proteo-
lytically cleaved following import, as are typical chlo-
roplast transit peptides.
2.2.2. Nuclear-encoded precursors of diatoms
The plastids of diatoms, such as Odontella sinensis,
as well as other chromophytic algae, are completely
enclosed by four membranes. As described above,
these plastids arose through the process of secondary
endosymbiosis. The inner two membranes of diatom
plastids correspond to the envelope membranes of
higher plant plastids. The third membrane corre-
sponds to the vestigial plasma membrane of the en-
dosymbiont. The outermost membrane is the residual
membrane potentially derived from the original en-
docytosis, and is continuous with the host’s endo-
plasmic reticulum. To translocate across these multi-
ple membranes, host-encoded chloroplast proteins
require a bipartite targeting sequence, with the N-
terminal domain functioning as an ER signal se-
quence [21] and the C-terminus acting as a transit
peptide-like domain [22]. To date, the DNA sequence
of only a few host nuclear-encoded chloroplast pro-
teins of chromophytic algae have been published [20].
Demonstration that the putative transit peptide-
like domain of these bipartite targeting sequences is
actually capable of targeting proteins into plastids
was accomplished using several chimeric constructs
of the precursor of the Q-subunit of the CF1 ATPase
from the diatom, O. sinensis [22]. The transit peptide-
like domain was able to e⁄ciently direct import into
chloroplasts isolated from both spinach and pea. The
complete precursor (containing both the signal pep-
tide and transit peptide) was also found to import at
low levels. No import was observed with only the N-
terminal signal peptide or with the mature protein.
These results indicate that similar to transit peptides
of higher plants, the transit peptide-like domain of
diatom precursors is also necessary and su⁄cient to
direct import into plastids.
Interestingly, when the chimeric proteins were im-
ported in vitro into pea plastids, the mature protein
was always 3^4 kDa smaller than the processed form
found in diatom plastids. The native processing site
was shown to be recognized by pea stromal process-
ing peptidase (SPP), yet a second cryptic cleavage site
somewhere in the mature domain was also cleaved,
yielding a smaller protein than observed in the native
diatom. The authors conclude that the transit pep-
tide-mediated targeting process has remained rela-
tively unchanged over the course of evolution, with
only the peptidase cleavage site being signi¢cantly
modi¢ed [22].
After successfully crossing the outer ER mem-
brane, nuclear-encoded protein intermediates must
then cross a third membrane to gain access to the
chloroplast envelope-like membranes of diatom plas-
tids. Vesicular structures observed between the sec-
ond and third membrane have led to speculation that
a vesicular transport system may facilitate this step
[23]. Further studies will be needed, however, to de-
termine if these bipartite targeting sequences actually
contain recognition elements for vesicular transport.
Analysis of the targeting sequences for both nucle-
omorph-encoded transit peptides of cryptomonads
and the bipartite transit peptide-like sequences of
diatoms indicates that these sequences contain one
or more of the semi-conserved motifs (h-(R/K)-h-
(P/G) found in higher plant transit peptides. Overall,
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however, these sequences are much shorter than
chloroplast transit peptides, they contain more aro-
matic residues, and are less enriched in hydroxylated
amino acids. One potential explanation for these dif-
ferences is that in both cases the plastid outer enve-
lope is the only remaining membrane available to the
precursor. The simpli¢ed nature of this compartment
may involve a lower ¢delity of targeting and may
therefore require only a minimalist transit peptide
design. Finally, many of the diatom transit peptides
are encoded by a separate exon, suggesting that they
too evolved by exon shu¥ing, thereby providing new
targeting information (P. Kroth, personal communi-
cation).
3. Structural analysis of transit peptides
3.1. NMR analysis of transit peptides in
membrane environments
In stark contrast to the increasing abundance of
data pertinent to the primary sequence of chloroplast
transit peptides, only limited information is currently
available concerning the secondary and tertiary
structure of transit peptides. The lack of structural
information stems not only from limited investiga-
tion, but also may re£ect a fundamental property
of transit peptides. Various studies have shown that
transit peptides are largely unstructured in an aque-
ous environment [8,24,25], reinforcing an earlier pro-
posal that transit peptides have evolved to maximize
random coil potential [26]. One problem with this
latter report and other computational analyses is
that the current predictive algorithms are based on
analyses performed in a homogeneous, aqueous en-
vironment. In vivo, however, protein import occurs
at a membrane interface that is by its very nature a
non-homogeneous environment. Attempts to directly
measure the structure of transit peptides in mem-
brane-mimetic environments have relied heavily on
the use of solvents systems such as TFE (1,2,2-tri-
£uoroethanol), methanol, and SDS-micelles. Analy-
sis of transit peptides in these solvents by circular
dichroism spectrometry has demonstrated that trans-
it peptides can adopt a largely K-helical structure
[8,24,25,27]. For SStp (the transit peptide for
prSSU), the use of synthetic peptides has demon-
strated that both the N- and the C-termini exhibit
K-helical structure, whereas the central region re-
mains largely unstructured [8].
Such membrane-induced secondary and/or tertiary
structures could de¢ne an otherwise ‘silent’ recogni-
tion element for the import machinery. An attractive
feature of this hypothesis is that the interfacial envi-
ronment at the chloroplast surface may induce a
‘common’ conformation that could be shared by var-
ious transit peptides, enabling a single receptor, such
as Toc159, to bind and facilitate transport of poten-
tially thousands of di¡erent precursors [28]. Attempts
to further re¢ne the identity and placement of transit
peptide structural elements have utilized multidimen-
sional NMR on either synthetic or recombinant
transit peptides. To date, the only two structures
reported are the transit peptide for ferredoxin [29]
and Rubisco activase [25], both from the green
alga, Chlamydomonas. Since algal transit peptides
are much shorter (V32 residues) than higher plant
transit peptides, short, synthetic peptides were ana-
lyzed. Fig. 2 shows a typical low energy structure for
the ferredoxin transit peptides and for the activase
transit peptide. Both of these structures were deter-
mined in the presence of TFE, and both were shown
to contain a single helix and a single random coil.
However, the order of these two motifs is reversed in
ferredoxin versus the activase peptide. Ferredoxin
has an K-helix at its N-terminus from position A2
to V13 followed by an unstructured C-terminal do-
main of V19 amino acids. Conversely, the activase
peptide exhibits just the opposite order, an unstruc-
tured N-terminus of V15 residues followed by an K-
helix from position A18 to L30 (Fig. 2).
Unfortunately, even less data are available on the
NMR structure of transit peptides from higher
plants. The transit peptides of higher plants have
an average length of 51 amino acids (CTP99, unpub-
lished results), which is considerably longer than the
transit peptides for algal precursors. The more com-
plex targeting environment in higher plants probably
requires higher ¢delity and therefore more targeting
information within the presequence. It has been dem-
onstrated previously that the isolated transit peptide
of Silene ferredoxin (trFd), although much smaller
than the precursor, is able to interact functionally
with the chloroplast translocation apparatus both
as a synthetic peptide [30] and as a recombinant pep-
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tide isolated from Escherichia coli [31]. The faithful
targeting activity and short length of trFd has made
it an attractive molecule to characterize structurally
by NMR, and to date, Silene trFd is the only transit
that has been investigated by such methods.
Full-length trFD was expressed and labeled with
stable isotopes in E. coli [24]. Like other transit pep-
tides, trFd was found to adopt a random coil con-
formation in aqueous solution. Initially, the structure
of the peptide was investigated using a TFE solvent
system and 3D HSQC-NOESY analysis, indicating
the presence of an N-terminal amphipathic helix at
position A2-L14 and a helical region at the C-termi-
nus from M29 to S49. The second region actually
contains two helices that are disrupted and substan-
tially destabilized by G39. Taken together, these re-
sults suggest that trFd contains two structurally in-
dependent helical regions in TFE. However, there
was no evidence of long-range NOE connections,
indicating that trFD does not develop detectable ter-
tiary structure in TFE. This type of change in struc-
tural organization may also take place when the pep-
tide is exposed to the hydrophobic interior of the
envelope membrane. In an attempt to investigate
the structure of trFd in a more physiological envi-
ronment, a detailed analysis of the structural, dy-
namical, and topological features of the isolated Fd
transit peptide has been reported using mixed deter-
gent/lipid micelles that contained the chloroplast lip-
id, monogalactosyldiacylglyceride (MGDG) [32]. In-
sertion/association of trFD with these micelles also
introduced two helical domains in an otherwise un-
structured peptide. Heteronuclear 15N-1H-NOESY
experiments have shown that the ferredoxin transit
peptide exhibits large backbone dynamics, with the
least £exible regions (S10-L13 and G30-F34) adopting
an K-helical structure. These same elements were also
observed using the TFE solvent system, where they
were more stable than in the micellar system. Inter-
estingly, the region between these segments displayed
increased backbone dynamics, suggesting that this
region of the trFD requires conformational plasticity
for its functionality. Although both the N- and C-
termini display increased backbone dynamics, the C-
terminus appears to adopt helical features, suggesting
that the backbone dynamics and structure formation
are not necessarily directly coupled. The authors in-
terpret these results as evidence that a helical struc-
ture is present at the interface of the micelle, yet it is
undergoing rapid movement. The C-terminal region
of trFd from P26 to A38, which contains the semi-
conserved motif FGLK, is the region with the most
stability and prefers a rather hydrophobic environ-
ment. The authors suggest that the structure assumed
by this region may present this motif as a critical
element for recognition by one or more components
of the translocation apparatus. These structural data
for trFD in di¡erent environments is summarized in
Fig. 3.
Fig. 2. NMR structures for two Chlamydomonas transit pep-
tides. The left panel includes one of the lowest energy structures
determined by NMR of the 32 residue ferredoxin transit pep-
tide with the N- and C-termini denoted. The corresponding
amino acid sequence is shown to the left with the region form-
ing the K-helix shown in the black box. The right panel shows
one of the lowest energy structures of the 32 residue Rubisco
activase transit peptide and one isolated structure that denotes
the N- and C-termini. Note the inverted organization of these
two peptides, helix-coil for ferredoxin vs. a coil-helix for acti-
vase. The semi-conserved (R/K)-h-(G/P)-h domains are shown
by the color coding of the amino acids (green, hydrophobic res-
idues; blue for basic amino acids; red for glycine or proline).
BBAMCR 14802 11-12-01 Cyaan Magenta Geel Zwart
B.D. Bruce / Biochimica et Biophysica Acta 1541 (2001) 2^218
Although only a few transit peptides have been
analyzed by NMR and CD, some generalities are
apparent. In aqueous solution, transit peptides are
largely unstructured. When placed in either a more
hydrophobic solvent or upon insertion into micelles,
transit peptides contain regions that assume K-helical
structure. Although algal transit peptides appear to
contain only a single helical domain, both the higher
plant ferredoxin and small subunit transit peptide
contain two discontinuous K-helical domains. The
helix-coil-helix organization may be a universal fea-
ture of higher plant transit peptides; however, the
position and degree of amphipathicity of these two
helices may vary. For instance, in Silene trFD, the
N-terminal helix (S2-L14) displays prominent amphi-
pathic nature, whereas the C-terminal region (G31-
J54) of the prSSU transit peptide is predicted to be
amphipathic. Despite progress in elucidating the lim-
ited structure of transit peptides in micelles and
membrane-mimetic environments, no data have
Fig. 3. Summary of the structural features of a higher plant (ferredoxin) transit peptide. (A) The amino acid sequence of the transit
peptide used in the structural studies is displayed in one-letter code at the top. The arrow denotes where the SPP cleaves the transit
peptide from the mature domain. The top structure in A represents the lack of structure observed when the transit peptide is in an
aqueous solution. Below that is a representation of the helical regions form in the presence of TFE. This is the result from Wienk et
al. [24]. Analysis in mixed micelles of dodecyl phosphocholine, dodecyl phosphoglycol, and monogalactosyldiacylglycerol (DPG/
MGDG). In both systems the helical regions are shown as blue/green helixes connected by unstructured regions. (B) Based on the
structural information presented in Wienk et al. [32] there are ¢ve structural domains: a helical region from Ala2 to Leu15, an un-
structured domain from Pro16 to Asn29, a short helix from M30 to Phe35, a second £exible domain from Gly37 to Val44, and ¢nally
a third helical region from Thr45 to Ser50. The depth of penetration of these domains in the micelle system is shown in panel C. The
hydrophilic^hydrophobic interface is represented by a gradient. This ¢gure is derived from [32].
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been reported regarding the structure of transit pep-
tides in association with any of the proteinaceous
components of the translocation apparatus, as has
been recently reported for mitochondrial presequen-
ces [33^35]. Greater progress in the analysis of chlo-
roplast receptor-bound conformations will be re-
quired to facilitate a similar detailed understanding
of chloroplast transit peptide structure and function.
3.2. Modular organization of transit peptide domains
Early investigation into the primary sequences of
transit peptides for LHCPII, Rubisco small subunit,
and ferredoxin identi¢ed three major blocks of ami-
no acid homology [36]. The authors proposed that
the shared sequence elements formed a common
framework in chloroplast precursors that mediate
common function(s) performed by each transit pep-
tide. This analysis was restricted to only 13 di¡erent
transit peptides and all of the precursors were highly
abundant proteins involved in photosynthesis. Inter-
estingly, for transit peptides encoded by three exons
[37,38], each ‘homology block’ resides in separate
exons, suggesting a distinct evolutionary origin for
each block.
The concept of ‘homology blocks’ was challenged
when a second study analyzed a larger number of
precursors that are involved in a more diverse range
of metabolic activities [39]. However, this report and
others concluded that stromal-targeting transit pep-
tides contained three distinct regions: (1) an un-
charged N-terminal domain of V10 amino acids
that is terminated by glycine or proline and usually
has an alanine following the initial methionine, (2) a
central domain lacking acidic residues but enriched
in hydroxylated amino acids, and (3) a C-terminal
domain that is enriched in arginines and potentially
forms an amphiphilic L-strand [40]. Proteins targeted
to the lumen of the chloroplast thylakoid demon-
strate a bipartite structure, in which a stromal-target-
ing domain contains a C-terminal extension that
functions as a signal peptide for the thylakoid.
Once the stromal-targeting peptide targets the pre-
cursor across the envelope into the stroma, it is
cleaved by stromal processing peptidase. The thyla-
koid-targeting signal peptide then targets the protein
across the thylakoid membrane, where it is removed
by thylakoid-targeting peptidase.
One possible explanation for the discrepancy be-
tween the two reports discussed above is that the
general import receptor of the outer envelope,
Toc86/159, may actually represent only one member
of a small gene family [41,42]. It has been proposed
that Toc86/159 may function primarily in the import
of photosynthesis-related precursors into developing
and green chloroplasts, whereas Toc120 and Toc132
may function in the import of precursors to other
types of plastids (amyloplasts, chromoplasts, leuco-
plasts, etc.) that are not active in photosynthesis [41].
This hypothesis would explain why many transit pep-
tides fail to comply with the original ‘homology
block’ model of transit peptides. Con¢rmation will
require further computational analysis of transit pep-
tide sequences, as well as more detailed understand-
ing of the interaction of transit peptides with one or
more of these receptors.
4. Functional analysis of transit peptides
4.1. Interaction with the cis-acting ‘guidance complex’
In the targeting of cytosolic proteins to the di¡er-
ent organelles in cells, soluble targeting factors have
been shown to help maintain proteins in a transport-
competent conformation, as well as provide an in-
creased ¢delity of targeting. To date, several soluble
factors have been identi¢ed that aid in the targeting
of proteins to the ER (signal recognition factor), the
nucleus (importin K and L), the peroxisome (PTS1
and PTS2 receptors), and the mitochondria (MRF,
mitochondria import stimulating factor). However,
current dogma has suggested that plastid-destined
precursors do not require a soluble targeting factor.
This notion is consistent with the transit peptide/lipid
interaction being the initial organelle-speci¢c interac-
tion between a precursor and the plastid [8].
The role for soluble targeting factors in plastid
protein import may be changing, however. Recently,
it was shown that transit peptides may contain a
motif that is speci¢cally recognized by a novel type
of molecular chaperone, the 14-3-3 class of proteins
[43]. The role of these chaperones in protein trans-
port has already been established since one member,
MRF, has been shown to facilitate the delivery of
import-competent precursors to the mitochondrial
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translocation apparatus [44]. Recently it was shown
that chloroplast transit peptides contain a semi-con-
served motif (in prSSU, K-S-A-A-S*-F-P) which
when phosphorylated could possibly function as rec-
ognition domain for a 14-3-3 protein [45,46]. The
validity of this model has been advanced by the re-
cent demonstration that when translated in wheat
germ lysate, prSSU exists as a higher molecular
weight complex containing both a 14-3-3 protein
and hsp70. The chaperone complex maintains the
precursor in a highly import-competent state, such
that it imports in vitro into chloroplasts at a 3^4-
fold higher rate than the free precursor [43]. Whether
this complex is responsible for targeting prSSU to a
speci¢c envelope receptor, similar to the role of
MRF in mitochondria protein targeting [44], or al-
ternatively, it enables the precursor to bypass one or
more of the early steps in translocation is not known.
However, the fact that puri¢ed chloroplast precur-
sors can be imported in vitro, in the absence of the
14-3-3/hsp70 complex, at rates comparable to requi-
site physiological targeting rates, argues that interac-
tion with a soluble component is not an obligate step
in the translocation process [47,48].
4.2. Recognition and interaction with envelope lipids
Most models of membrane protein transport treat
the lipid component of membranes as structural
components and largely ignore any potentially mech-
anistic contributions that lipids may provide to either
targeting and/or translocation. The chloroplast is en-
closed by an inner and outer membrane that together
constitute the chloroplast envelope. Both membranes
are comprised of unusual lipids, including MGDG,
digalactosyldiacylglyceride (DGDG), sulfolipid (SL),
and the negatively charged phosphatidylglycerol
(PG) [49]. In fact, the chloroplast envelope is the
only cytosolically exposed membrane that contains
the galactolipids, MGDG and DGDG. Moreover,
the lipid/protein ratio of the outer membrane is
very high (V3.0) [50], indicating that the nature of
the plastid’s cytoplasmic surface may be dictated
largely by the lipid composition of the outer mem-
brane. Keegstra et al. [51] have suggested that the
unique lipids in the chloroplast envelope may play
a direct or indirect role in the protein transport pro-
cess. Support for this hypothesis comes from the
demonstration that protein transport activity is sig-
ni¢cantly altered by treatments that alter the lipid
content of the outer envelope [52]. The potential in-
volvement of lipids in protein transport is further
suggested by the pronounced ‘membrane active’ na-
ture of targeting sequences in general. A variety of
techniques have demonstrated that bacterial and ER
signal peptides [53^56], mitochondrial presequences
[57^60], and chloroplast transit peptides [30,61,62]
are capable of interacting with arti¢cial bilayers
and monolayers that lack protein components.
Without exception, membranes that are active in
protein translocation contain signi¢cant levels of lip-
ids that strongly prefer to adopt a non-bilayer struc-
ture. Speci¢c examples include phosphatidylethanol-
amine (PE) in the inner membrane of E. coli,
cardiolipin (CL) in the endoplasmic reticulum and
mitochondria, and MGDG in the chloroplast enve-
lope and thylakoid. These unusual lipids exhibit a
wedge-like molecular shape and they prefer to form
an HII phase when isolated. Several reports suggest
that non-bilayer forming lipids are required at one or
more steps during protein translocation. Accord-
ingly, several studies have demonstrated that the in-
teraction between transit peptides and arti¢cial bi-
layers is dependent upon lipid composition.
Speci¢cally, this interaction is clearly increased
when the arti¢cial membrane contains MGDG
[63,64]. Although other studies have demonstrated
that the ferredoxin transit peptide/lipid interaction
is dependent on the presence of the anionic lipids,
PG and sulfoquinosyldiacylglycerol, a signi¢cant in-
teraction still occurs with monolayers containing
MGDG [65].
These results suggest two possible interactions be-
tween transit peptides and membrane lipids: an ini-
tial ionic interaction between the anionic phospholip-
ids and the basic amino acids of the transit peptide,
and a second, possibly weaker interaction that in-
volves the galactose head groups of the glycolipids
and the hydroxylated amino acids of the transit pep-
tide. The latter could involve direct hydrogen bond-
ing between the hydroxyl groups of the transit pep-
tide and the galactose residues. Alternatively, the
formation of ‘new’ hydrogen bonds between the hy-
droxylated amino acids and tightly bound water mol-
ecules at the membrane interface could result in a
reduced hydration shell of galactolipids [8]. This
BBAMCR 14802 11-12-01 Cyaan Magenta Geel Zwart
B.D. Bruce / Biochimica et Biophysica Acta 1541 (2001) 2^21 11
transit peptide-induced ‘competition’ for water mol-
ecules would favor the non-bilayer forming tendency
of MGDG and thereby promote transient lipid poly-
morphisms. Localized HII phase conformations
could be a critical step in initiating protein target-
ing/translocation.
The membrane a⁄nity of chloroplast transit pep-
tides from higher plants has been studied in some
detail for only a few precursors: the precursor for
the small subunit of Rubisco, ferredoxin and plasto-
cyanin [30,64^67]. Although di¡erent techniques
were employed, all three precursors contain domains
at both the N- and C-termini that function as mem-
brane-interacting domains.
4.2.1. Rubisco small subunit transit peptide
The precursor to the small subunit of Rubisco
(prSSU) was the ¢rst protein shown to import
post-translationally into chloroplasts [68] and has
been one of the most extensively studied precursors
in the literature. Several studies have addressed the
structure and function of its transit peptide
[8,64,66,69^73]. The ¢rst report investigating the
function of di¡erent regions of the small subunit
transit peptide in protein transport used chemically
synthesized peptides as competitive inhibitors for the
in vitro binding and import of wheat germ translated
prSSU [69]. These peptides were only e¡ective as
competitive inhibitors when used at very high, non-
physiological concentrations (50^100 WM), raising
questions about the mechanism of their inhibition.
This work was also hampered by the lysogenic prop-
erties of one of the peptides, SS-tp1ÿ20 [69]. The
authors speculated that perhaps part of the N-termi-
nus of the transit peptide is involved in lipid-medi-
ated binding to the chloroplast surface.
The ability of puri¢ed prSSU and its full-length
transit peptide (SS-tp) to interact with arti¢cial mem-
branes was investigated in detail, using a sensitive
calcein-release assay to monitor the disruption of
small unilamellar vesicles [64]. By testing prSSU,
mSSU (the mature domain alone), SS-tp, and a set
of synthetic peptides that span the transit peptide,
the region of the precursor responsible for membrane
interactivity was roughly mapped. In agreement with
Perry et al. [69], the authors found that SS-tp1ÿ20
interacted with arti¢cial bilayers, causing lysis of the
liposomes and release of the calcein dye. However,
the most liposome-destabilizing activity occurred
with the C-terminal 20 amino acids of the transit
peptide, SS-tp41ÿ60. Furthermore, since the overlap-
ping peptide, SS-tp31ÿ50, was signi¢cantly less active
than SS-tp41ÿ60, these ¢ndings suggest that the max-
imum bilayer-disrupting activity may actually reside
within amino acids 50^60 of SS-tp. In contrast, the
central region of the transit peptide, SS-tp21ÿ40 and
SS-tp31ÿ50, as well as mSSU had little or no activity
in the calcein-release assay. When investigating the
e¡ect of lipid composition, peptide-mediated lipo-
some disruption was absolutely dependent upon the
presence of MGDG in the liposomes. Moreover,
maximal interaction was observed when liposomes
contained 20 mol% MGDG. Interestingly, this level
was the maximum amount of MGDG that could be
stably incorporated into liposomes and is the amount
naturally found in the chloroplast outer envelope. In
a separate study utilizing a monolayer-insertion as-
say, SS-tp41ÿ60 peptide/lipid interactions were most
pronounced when the monolayer contained MGDG
or extracts of the outer envelope [66]. A strong lipid
interaction was also observed for SS-tp21ÿ40 when
the monolayer contained the anionic lipid, PG.
Another ¢nding of this liposome study is that V6-
fold higher concentration of SS-tp41ÿ60 was required
to provoke the same level of dye release as observed
with the full-length transit peptide. This result sug-
gests that either di¡erent regions of SS-tp act coop-
eratively, or alternatively, that the sequence(s) re-
sponsible for interacting with the lipids actually
span two or more peptides. Although the interaction
of prSSU with membranes clearly requires the transit
peptide, the magnitude of liposome disruption by
prSSU exceeded the additive e¡ect of SS-tp and
mSSU alone, suggesting that the mature domain en-
hances the vesicle disruption activity of the transit
peptide in cis. If this interpretation is accurate,
then the targeting activity of transit peptides may
actually involve contributions from amino acids
within the mature domain. Further studies are
needed to determine if mature domain sequences
contribute to the targeting activity of transit peptides
in general or if this feature is unique to prSSU.
4.2.2. Ferredoxin transit peptide
The transit peptide of ferredoxin (trFd) is prob-
ably the best characterized transit peptide to date.
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A 47 amino acid synthetic peptide corresponding to
the full-length transit peptide of Silene ferredoxin has
been shown to bind chloroplasts and import into a
protease-protected compartment of these chloro-
plasts [30]. Although import of trFd is stimulated
by ATP, import is not inhibited by protease pretreat-
ment of the chloroplast surface, suggesting that trFd
binds primarily to lipid components of the chloro-
plast envelope. A previous study had clearly shown
that trFd mediates the interaction of the ferredoxin
precursor with chloroplast envelope lipids [65]. This
study demonstrated that only the precursor form or
the free transit peptide could insert into a lipid
monolayer composed of lipids extracted from the
chloroplast outer envelope. Neither the holo-form
nor the apo-form of ferredoxin, both of which lack
the transit peptide, could insert into the monolayer.
Although trFd function has not been analyzed us-
ing short synthetic peptides as has been done for SS-
tp [64,69,74], a set of prFd mutations have been gen-
erated that include seven site-directed substitutions
and 20 internal deletions of the transit peptide [67].
When the puri¢ed mutant precursors were tested for
their ability to interact with lipid monolayers, more
than one region of the transit peptide was implicated.
Monolayer insertion experiments revealed that ami-
no acids at the N-terminus (positions 6^14) mediated
insertion into MGDG-containing lipid surfaces,
whereas the C-terminus mediates interaction with
anionic lipids such as DOPG. It was proposed that
the interaction between the N-terminus of trFd and
MGDG occurs via hydrogen bonding of the several
hydroxylated amino acids found in this region of the
protein. In contrast, electrostatic interactions were
implicated in an association between anionic lipids
and basic residues found in the C-terminus of SS-
tp. Deletions in the central region of trFd had little
e¡ect on the interaction between prFd and the
monolayer, regardless of composition, suggesting
that the central domain of the transit peptide is not
involved in the lipid interaction. This ¢nding is con-
sistent with those observed for the central regions of
prSSU (SS-tp21ÿ40 and SS-tp31ÿ50) [64]. Interest-
ingly, the central region of both prSSU and prFd
contain ¢ve prolines and glycines, suggesting that
this region is largely unstructured and may provide
a £exible domain linking the two ends of the transit
peptide.
The ferredoxin precursor and its transit peptide
have also been shown to bind to unilamellar lipid
vesicles whose composition is similar to the chloro-
plast outer envelope [61]. Scatchard analysis indicates
that prFd binds more tightly to these vesicles than
does trFd, while apoFd binds only very weakly, dem-
onstrating again that the transit peptide mediates an
association with lipids. Similar to the monolayer re-
sults, this interaction was mediated primarily by
anionic lipids and MGDG. Interestingly, trFd was
able to disrupt bilayers in a dye release assay similar
to the assay used for SS-tp [64]. However, in contrast
to prSSU, the full-length precursor, prFd, does not
promote dye release from these liposomes. The au-
thors suggest that the ferredoxin mature domain
somehow prevents vesicle lysis. Unknown structural
di¡erences between prSSU and prFd probably ac-
count for the contrasting activity of these two chlo-
roplast-destined precursors in liposome disruption
assays. Nonetheless, the ¢nding that the mature do-
mains of ferredoxin and small subunit appear to
modulate the membrane-interactive properties of
their respective transit peptides (decreased for
prFD, increased for prSSU) suggests that the junc-
tion between the transit peptide and mature protein
may signi¢cantly in£uence the structure and function
of the transit peptide.
4.2.3. Plastocyanin transit peptide
The only other plant chloroplast transit peptide,
besides prSSU and prFd, for which lipid interactions
have been evaluated, is the chloroplast-targeting do-
main of the bipartite plastocyanin (prPC) transit
peptide [27]. However, unlike prSSU and prFd the
stromal-targeting domain of plastocyanin does not
interact with arti¢cial bilayers composed of either
PC/PG (molar ratio 9:1) or MG/DG/PC/PG (molar
ratio 15:35:40:10, representative of the chloroplast
envelope), even at concentrations as high as 25 WM
[27]. This ¢nding may be explained by the bipartite
nature of the plastocyanin transit peptide, which
contains both a 43 amino acid stromal-targeting do-
main and an additional C-terminal 23 amino acids
that function as the thylakoid-transfer domain. By
analogy to the transit peptides of prSSU and prFd,
the membrane-interactive domain of the bipartite
prPC transit peptide is likely to occur at the C-ter-
minus of the transit peptide, mapping somewhere
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within the adjacent thylakoid-targeting domain.
Consistent with this hypothesis, the putative thyla-
koid-targeting domain is rich in hydrophobic amino
acids and is believed to resemble the signal peptide
for secreted proteins [75]. Furthermore, chimeric pro-
teins containing only the stromal-targeting domain
(amino acids 1^43) of the plastocyanin transit pep-
tide fused to DHFR failed to direct import into
chloroplasts in vitro. However, when the chimeric
protein contained at least part of the thylakoid-tar-
geting domain (amino acids 1^53), import was re-
stored [76]. One possible explanation for these re-
sults, which is consistent with the prSSU and prFd
data, is that amino acids 43^53 of prPC function as a
C-terminal membrane-interactive domain. These ob-
servations, plus those described above for prSSU and
prFd, suggest that the minimal size of the membrane-
interacting domain needed for successful binding and
import of precursors into chloroplasts is possibly as
small as 7^10 amino acids. They also suggest that
membrane-interactive domains are a general feature
of chloroplast import pathways and are probably
independent of where the precursor is ultimately des-
tined to reside. Further experimentation is required
to determine if proteins localized to the inner mem-
brane, outer membrane, and inter-membrane space
of the envelope also possess a membrane-interactive
domain to gain access to their respective sub-organ-
ellar compartments.
In summary, the ability of one or more regions of
a transit peptide to interact directly with chloroplast
lipids may represent the initial ATP-independent step
in precursor association with the chloroplast surface.
The unusually low protein content of the outer enve-
lope would provide a two-dimensional surface that is
de¢ned predominantly by its lipid composition [77].
This observation, coupled with no apparently strin-
gent requirement for cytosolic factors, suggests that
the initial partitioning of precursor molecules from
the site of synthesis to the chloroplast surface may
rely heavily on the recognition of plastid-speci¢c lip-
ids. In addition, the ability of transit peptides to gain
secondary structure in a membrane-mimetic environ-
ment suggests that transit peptide/lipid interactions
are reciprocal in nature. These ‘new’ membrane-in-
duced structural motifs may facilitate a secondary
interaction with one or more components of the
translocation apparatus. As the structure of more
transit peptides in di¡erent environments becomes
available, the physical/chemical basis of the transit
peptide/lipid interaction may become clearer.
4.3. Interaction with import receptors
Three core components of the Toc complex,
Toc34, Toc86/159, and Toc75, have been shown to
facilitate the early stages of transit peptide-mediated
interaction of precursors with the chloroplast. Initial
binding of the precursor has been shown to occur via
an NTP-independent mechanism and appears to rep-
resent an equilibrium of one or more low-a⁄nity
interactions [78,79]. Although some binding to the
chloroplast surface may occur through direct inter-
actions with lipids, as described previously [8] and
above, other experiments have led to the hypothesis
that Toc86/159 acts as the primary receptor of pre-
cursors at the cytosolic side of the Toc complex
[80,81]. Unlike the initial binding of precursors to
the chloroplast, however, translocation across the
outer membrane is an NTP-dependent process that
requires both GTP and ATP hydrolysis [79,82].
Toc34 and Toc86/159 have both been shown to func-
tion as envelope GTPases. Unfortunately, this ¢nd-
ing has complicated e¡orts to di¡erentiate their in-
dividual roles in chloroplast import and to elucidate
at what stage GTP binding/hydrolysis is involved in
precursor recognition [80,81,83]. The observation
that Toc86/159 is a degradation product of the larger
native protein, Toc159, further obscures the role of
this receptor in chloroplast protein import [28].
Whether the two membrane GTPases, Toc34 and
Toc86/159, function individually or together in the
outer envelope is still not clear. One possibility,
which has been proposed for the multiple GTPases
involved in SRP-mediated protein secretion in E.
coli, is that Toc34 and Toc86/159 may interact di-
rectly in a reciprocal fashion, with each acting as
regulator of the other by functioning as GTPase-ac-
tivating proteins [84]. To date, however, no direct
evidence has suggested that the two GTPases interact
with each other either directly or indirectly. One re-
cent report has indicated that Toc34 functions as a
precursor receptor whose a⁄nity for phosphorylated
transit peptides is mediated by GTP binding [85], but
how this activity correlates with the functions of oth-
er import receptors remains unde¢ned.
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To better understand the role of Toc159, the labile
nature of this receptor was exploited to selectively
remove the 100 kDa cytosolic GTPase domain by
thermolysin proteolysis [86]. This treatment com-
pletely removes the extracellular GTPase domain of
Toc86/159, leaving behind only a 52 kDa fragment
that corresponds to the C-terminal membrane-span-
ning domain [81]. In addition, the Toc75 and Toc34
receptors were undisturbed by thermolysin treat-
ment. Using chloroplasts treated in this manner,
prSSU binding was abrogated, supporting early
models that Toc86/159 functions as an early precur-
sor/transit peptide receptor. Surprisingly, thermoly-
sin-treated chloroplasts were still translocation-com-
petent in a GTP-dependent fashion, suggesting that
Toc34 plays a critical role in GTP-regulated trans-
location of precursors through the Toc complex. Yet
another interesting outcome from this study is that
the extracellular 86 kDa domain of Toc159 (i.e. only
the GTPase domain and the membrane-spanning do-
main) was su⁄cient to bind chloroplast precursors.
Thus, recognition of the transit peptide is mediated,
at least in vitro, by one or more elements contained
solely within the Toc 86 fragment. Although the role
of the N-terminal domain of Toc159 is currently un-
known, its highly acidic nature could facilitate an
interaction with either components of the soluble
guidance complex or possibly with components of
the cytoskeleton in such a way that permits rapid
and speci¢c delivery of preproteins to the chloroplast
translocation apparatus.
As described earlier, Toc159 is composed of three
domains: an N-terminal acidic region, a central do-
main with GTP-binding motifs, and a C-terminal
membrane-spanning domain [28]. Genome analysis
indicates that Arabidopsis contains three homologues
of this protein, AtToc159, AtToc132, and AtToc120
[41]. All homologues contain a high percentage of
acidic residues, with the N-terminal domain contain-
ing between 26 and 30% negatively charged amino
acids [42]. With the acidic N-terminus facing the cy-
toplasm, electrostatic interactions with one or more
basic residues of transit peptides could a¡ord in-
creased a⁄nity of the precursor for the translocation
apparatus [28,42]. This hypothesis is similar to the
acid chain model that has been proposed for prese-
quence interactions with the mitochondrial translo-
cation apparatus. However, the proteolysis results of
Chen and coworkers [86] do not support this model,
as there was no discernable di¡erence in the level of
precursor binding to chloroplasts either treated with
thermolysin (N-terminus removed, leaving only
Toc86) or without (N-terminal acidic domain of
Toc159 intact). This result, plus the fact that T-
DNA disruption of Toc159 in Arabidopsis was still
able to import precursors in vivo [41], suggests two
possibilities. Either the acidic domain is involved in
some aspect of protein transport other than precur-
sor binding or that one of the other receptors, such
as Toc120 or Toc132, can somehow compensate for
the loss of Toc159.
A recent and systematic attempt to explore inter-
actions between the transit peptide and the translo-
cation apparatus utilized multiple mutants of the Si-
lene ferredoxin precursor in which internal portions
of the transit peptide were deleted [87]. This study
utilized the same label-transfer cross-linking strategy
used in the previous studies [78,79]. The authors
demonstrated that although the whole transit peptide
is important for the overall e⁄ciency of binding and
import, amino acids at positions 6^14 were critical
for an initial interaction with the translocation appa-
ratus, and potentially contain essential information
for interacting with Toc86. Secondly, whereas amino
acids 15^25 appeared to interact with the Toc86, this
region is primarily responsible for interaction with
components of the inner membrane, such as Tic20.
Surprisingly, no region within the transit peptide was
found to speci¢cally interact with Toc75. The au-
thors ¢nally conclude that the information for inter-
action with the Toc and Tic components resides in
two separate but partly overlapping domains of the
¢rst 25 amino acids of the ferredoxin transit peptide.
Similar detailed analysis of several other transit pep-
tides will be required to determine if transit peptides
as a class of targeting sequences are recognized in a
similar manner by this limited family of import re-
ceptors on the chloroplast envelope.
In addition to the relatively well-characterized Toc
components, Toc34 and Toc86/159, a new compo-
nent, Toc64, has been recently identi¢ed as part of
the Toc complex in pea chloroplasts [88]. This pro-
tein has two homologues that are expressed in Ara-
bidopsis, each containing three tetratricopeptide re-
peat (TPR) domains. TPR domains typically
promote protein^protein interactions. Analysis of
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the topology of the pea Toc64 protein indicates that
the TPR domains are exposed to the cytoplasm [88],
suggesting that the TPR motifs may be involved in a
direct interaction with the transit peptide/precursor.
Alternatively, TPR motifs of Toc64 may act as a
receptor for the soluble guidance complex that aids
in targeting an import-competent form of the precur-
sor. Interestingly, a TPR-containing protein has been
implicated in the targeting of precursors to the cor-
rect translocation apparatus of both the mitochon-
drial and peroxisomal protein transport systems. In
mitochondria, the import receptor, Tom70, contains
seven TRP domains and has been shown to interact
with mitochondrial precursors that require the solu-
ble factor MRF [44]. In peroxisomal protein import,
a soluble, cytosolic import receptor, Kex5, also has
seven TPR motifs [89]. The fact that both of these
TPR-containing proteins have been implicated in
protein tra⁄cking via interactions with targeting se-
quences opens the possibility for a similar role for
this class of proteins in transit peptide-mediated im-
port into chloroplasts. Alternatively, it is also possi-
ble that TPR-containing proteins may interact with
one or more components of the guidance complex
(Fig. 1), rather than directly with the precursor itself.
Although the precise mechanism is not clear, Sohrt
and Soll [88] speculate that Toc64 may interact with
the transit peptide very early in the targeting process,
possibly even preceding the interaction with Toc86/
159.
Another possibility is that the inherent £exibility
of transit peptides enables them to the assume ex-
tended conformations necessary to bind more than
one receptor simultaneously. These multiple interac-
tions could involve two di¡erent receptors, such as
Toc34 and Toc86/159. Alternatively, an individual
translocon may contain multiple copies of a single
receptor, such that a high-a⁄nity interaction is ac-
tually the synergistic sum of multiple, weak interac-
tions of a single transit peptide with several recep-
tors. Interestingly, the stoichiometry of a puri¢ed
Toc complex has a 4:4:1 ratio of Toc75: Toc34:
Toc86 (E. Schlie¡ and J. Soll, personal communica-
tion). Such ratios would permit a single translocon-
associated transit peptide to be bound to the binding
sites of several adjacent Toc34 receptors. Considering
the extreme diversity in transit peptide length and
sequence, it is possible that some transit peptides
may only be able to bind a single receptor, whereas
other longer transit peptides may be able to concur-
rently bind at two or more sites. This type of additive
binding could be the basis for the variation in e⁄-
ciencies with which precursors import into the chlo-
roplast.
4.4. Recognition by the ATP-dependent
translocation motors
For almost a decade, the high random coil content
of chloroplast transit peptides (82% versus 55% pre-
dicted for an average globular protein) has been im-
plicated as a substrate for the hsp70 molecular chap-
erones [26]. Although hsp70 chaperones have been
proposed to function as the molecular motor that
drives precursor translocation into both the ER
and the mitochondria (reviewed recently [90]), little
evidence has directly endorsed hsp70 as an ATP-de-
pendent molecular motor in chloroplast protein im-
port. Therefore, even though chloroplasts have been
shown to contain three di¡erent hsp70 homologues
[91], current models depict ClpC, which is a hsp100
that regulates the ClpP protease, as the motor driv-
ing precursor import into the stroma [9]. However,
various lines of biochemical evidence clearly indicate
that the transit peptide for prSSU interacts both in
vitro and in E. coli with members of the hsp70 family
[71]. Furthermore, combination of both statistical
algorithms and biochemical analysis in vitro identi-
¢ed a speci¢c domain of the prSSU transit peptide
that interacts with the chloroplast stromal hsp70,
CSS1 [72]. When these same algorithms were applied
to transit peptides in the CHLPEP database [11],
s 75% of the transit peptides predictably contain a
hsp70 recognition domain within the N-terminal
third of the transit peptide [72]. In addition, many
of these transit peptides also contained a second,
lower a⁄nity site for hsp70 in the central third of
the transit peptide. In prSSU, the positions of these
two sites were appropriately spaced to enable one
transit peptide to simultaneously engage hsp70 on
both the cis and trans side of either the outer or inner
envelope membrane. When this type of analysis was
extended to 727 plastid precursor proteins, s 75% of
the precursors were found to contain at least one
putative hsp70-binding site in their transit peptide
[92]. The frequency of the chaperone binding sites
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dropped o¡ considerably within the ¢rst 15 amino
acids of the transit peptides analyzed in this study.
The transit peptide for the precursor to ferredoxin-
NADP reductase was shown to bind the chloroplast
hsp70 in vitro. The investigators also con¢rmed that
a putative hsp70-binding site alone, when added ar-
ti¢cially to the end of the mature domain, could
mediate an interaction with the plant hsp70.
Evidence that hsp70 may function as the chloro-
plast translocation motor comes from the recent dis-
covery that one component of the inner envelope
translocator, Tic40, is related to the hsp70-interact-
ing protein, Hip [93]. This ¢nding suggests that Tic40
may function to recruit hsp70 to the inner envelope,
where the chaperone utilizes ATP hydrolysis to drive
the movement of a precursor protein across one or
both envelope membranes. The possibility that trans-
it peptides act as substrates for hsp70 molecular
chaperones would provide the ¢rst functional simi-
larity between chloroplast transit peptides and mito-
chondrial presequences, since mitochondrial prese-
quences also have been shown to contain hsp70
recognition domains at their N-termini [94].
4.5. Interaction with the stromal processing
peptidase(s)
After nuclear-encoded precursors enter the plastid
stroma, they undergo a speci¢c processing by a pep-
tidases that removes the transit peptide from the ma-
ture domain. This processing takes place either dur-
ing the translocation process or immediately
thereafter, and involves one or more soluble, metal-
dependent endopeptidases known as the stromal pro-
cessing peptidase (SPP). Analysis of a small number
of transit peptides led to the early identi¢cation of a
consensus cleavage site, (Val/Ile)-Xaa-(Ala/Cys)-t-
Ala, in the transit peptide of stromally targeted pre-
cursors [95]. More recent analysis of a larger set of
transit peptides by the neural network program,
ChloroP, yielded an alternative consensus sequence,
Val-Arg-t-Ala-Ala-Ala-Val [12]. Due to the low lev-
el of amino acid conservation among transit peptides
as a group, and the fact that many chloroplast pre-
cursors lack sequences resembling either of these mo-
tifs, the validity of a single consensus-processing site
based on sequence alone remains highly question-
able. Instead, the processing peptidase could perhaps
identify the processing site by a common structural
element(s) contained within the precursor, or perhaps
these element(s) span the junction between both the
transit peptide and the mature domain. Unfortu-
nately, secondary structure-predicting algorithms
fail to identify a conserved organization near the
cleavage site. Several possible explanations include:
(1) the requisite structural elements that determine
the processing site reside rather distant from the ac-
tual cleavage site; (2) the structural elements are only
present during translocation and/or in association
with the SPP, possibly via some sort of ‘induced
¢t’ mechanism between the precursor and the cata-
lytic domain of the SPP; and (3) there may be multi-
ple processing peptidases that each recognize a di¡er-
ent subset of precursors.
The precise number of processing peptidases con-
tained within the chloroplast remains unresolved.
Although several endopeptidases have been partially
characterized in pea chloroplasts [96], only one mem-
ber (CPE) has been isolated from pea chloroplasts
and successfully cloned [97]. This gene encodes a
140 kDa protein that contains the signature zinc-
binding domain (His-Xaa-Xaa-Glu-His) and shares
homology with other members of the pitrilysin fam-
ily of metalloendopeptidases [97]. Since CPE was
shown to process 11 precursor proteins from di¡er-
ent origins that were destined for di¡erent chloro-
plast sub-compartments, it has been suggested that
CPE is a general stromal processing peptidase re-
sponsible for processing a wide range of chloroplast
precursors in higher plants [103]. This interpretation
was strengthened by antisense-mediated down-regu-
lation of SPP in vivo, resulting in a global e¡ect on
chloroplast biogenesis [98]. The transgenic plants lost
their ability to e⁄ciently translocate precursors into
chloroplasts in vitro, a ¢nding that links SPP as part
of the translocation machinery.
However, a single processing peptidase model was
discredited when a second stromal processing pepti-
dase was isolated from the stroma of pea chloro-
plasts [99]. This second enzyme, SPP80, is also a met-
alloprotease yet has a much lower molecular mass
than CPE, being only V80 kDa. SPP80 also demon-
strated di¡erent substrate speci¢city and recognized
di¡erent processing sites within a given precursor
versus CPE. This enzyme was found to be involved
in cleavage of the stromal-targeting domain of bipar-
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tite transit peptides that are targeted to the thylakoid
lumen.
The green alga, Chlamydomonas, also contains
multiple SPPs [100]. Although it was proposed that
multiple SPPs are speci¢c for di¡erent precursors or
sets of precursors, it was also observed that the pro-
cessing of a single precursor (prSSU) involves two
distinct SPPs. SPP-1 processed prSSU into an inter-
mediate form (iSSU), whereas SPP-2 processed both
prSSU and iSSU into the mature form, mSSU [101].
Accumulation of iSSU in vitro within the inter-mem-
brane space of the envelope directly contradicts the
coordinated, single-step mechanism of translocation,
however [102]. Furthermore, no processing inter-
mediates have ever been observed in vivo, bringing
into question the physiological relevance of this two-
step processing model.
While current evidence cannot clearly resolve the
number SPPs that function within the chloroplast,
how a small family of enzymes recognize and cleave
several thousand diverse precursors that contain
transit peptides of di¡erent length and sequence re-
mains an unanswered question. With the recent clon-
ing and expression of a recombinant form of the pea
SPP [103], some details surrounding the recognition
and processing of di¡erent precursors are beginning
to be elucidated. For instance, SPP has been shown
to directly bind the transit peptide from several pre-
cursors and form a stable complex. This complex is
able to not only facilitate cleavage of the mature
domain, but the remaining transit peptide is inter-
nally cleaved into a shorter sub-fragment that is
then released. This second processing step may in
fact be an obligate step for the degradation of the
transit peptide. It was shown previously that the fer-
rodoxin transit peptide alone can be imported into
the chloroplast yet is subject to rapid turnover [30].
The fact that recombinant SPP cleaves the precursor
twice, liberating a sub-fragment that is rapidly de-
graded by stromal extracts suggests that SPP may
be responsible for initiating the ATP-dependent turn-
over of transit peptides in vivo. Clearly, further in-
vestigation into this area of chloroplast import will
be required to better explain how the SPP can rec-
ognize and process the V3500 di¡erent precursors
that are believed to exist in a plant’s genome [13].
This challenge is further complicated by the identi¢-
cation of only one homologue of SPP (CPE) in the
Arabidopsis genome [42]. Whether all the chloroplast
precursors are cleaved by this single SPP homologue
or whether there are other active yet unrelated pro-
cessing peptidases functioning is not currently
known.
5. Evolution and origin of transit peptides
During transfer to the nucleus, one or more se-
quences contained within the cyanobacterial genome
may have provided the source of coding information
for modern transit peptides. One interesting possibil-
ity is that the ‘signal’ that proteins used in targeting
for secretion via SynToc75 could have given rise to
some or all of the information now contained within
a modern transit peptide. The emerging notion that
transit peptides are organized as functional domains
may indicate that transit peptides emerged by shuf-
£ing of existing cyanobacterial exons, which through
selective pressure could yield a transit peptide capa-
ble of targeting and translocating the nuclear-en-
coded cyanobacterial proteins back into the plastid.
The recent report that ‘early’ exons would encode
protein modules of 15^30 amino acids in length sug-
gests that the average transit peptide may have
evolved through the linking of three separate exons
or domains [104]. In support of this hypothesis, the
transit peptides of several chloroplast precursors
have been shown to be encoded by three distinct
exons [37,38]. A very similar evolutionary mechanism
has been demonstrated for a plant mitochondrial
presequence that originated from the acquisition of
three exons from a separate donor protein [105]. This
multiple-exon organization of the transit peptide may
not be characteristic of all plastid precursors, how-
ever, suggesting that over time genetic streamlining
resulted in the loss of introns from the transit peptide
coding region [106]. Moreover, the process of exon
shu¥ing may yield transit peptides with alternative
domain organizations as observed for two Chlamy-
domonas transit peptides (Fig. 2) [25,29].
6. Concluding remarks and future developments
Although still limiting, structural data indicate
that a hallmark of transit peptides as a group is their
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substantial £exibility. Neither the role nor impor-
tance of this £exibility is known, yet it may allow a
great deal of conformational adaptability to the mul-
tiple components involved in protein translocation.
Inserted within these extended, £exible structures
are regions with helical potential that become ‘acti-
vated’ when exposed to membrane-mimetic environ-
ments. Higher plants appear to contain at least two
helical domains, whereas the shorter algal transit
peptides contain only one, and the stromal-targeting
domain of precursors targeted to complex plastids is
even more minimal, being potentially devoid of a
helical domain. The basis for longer transit peptides
in plants compared to algae and diatoms is not
known, but may re£ect the requirement for increased
targeting ¢delity and/or e⁄cacy in a cellular environ-
ment with many other competing membranes. Super-
imposed with these still poorly characterized struc-
tural features are the multiple and potentially
overlapping recognition elements for the cis-acting
guidance complex, one or more envelope receptors,
molecular chaperones and translocation motors, the
inner and outer envelope translocon, and the stromal
processing peptidase(s). The ability of one short pep-
tide sequence to simultaneously satisfy all of these
various roles re£ects the dynamic potential of a given
sequence in di¡erent chemical environments and
hundreds of millions of years of evolutionary re¢ne-
ment.
With the explosion in the availability of new se-
quence information and rapid progress in both ge-
nomic and proteinomic research, new tools should
become available for the prediction and analysis of
plastid transit peptides. However, new analytical
techniques must be developed that are amenable to
high-throughput analysis and screening in order to
keep up with the deluge of new genomic and protei-
nomic data. The use of non-radioactive cytometric
and microscopic data can now be utilized to evaluate
the targeting activity of transit peptides both in vitro
[73] and in vivo [107,108]. These methodologies not
only provide quantitative information of the level of
targeting activity, but also allow direct visualization
of the transit peptide while it engages the transloca-
tor, as shown in Fig. 4. The use of £uorescence-based
assays could easily allow the development of high-
throughput analyses that will allow hundreds and
potentially thousands of transit peptides to be di-
rectly analyzed and compared. With this wealth of
comparative biochemical information, new bioinfor-
matic approaches may evolve that can ¢nally decode
the structure/function relationship of plastid transit
peptides.
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